■ INTRODUCTION
Developing the reactivity of metal ligand multiple bonds toward unsaturated hydrocarbons is important for accessing useful organic molecules in an atom-economical manner. Thus, for example, nonheme iron oxo and imido complexes have been shown to catalytically effect two-electron atom/group transfer to alkenes, generating valuable products such as epoxides 1 and aziridines. 2−4 In contrast to transition metal oxo and imido complexes, only a small number of nitrido complexes have been observed to react with unsaturated hydrocarbons. In one case, it has been found that addition of pyridine to [(salchda) RuN] + (salchda = N,N′-bis(salicylidene)-o-cyclohexyldiamine dianion) activates the nitrido ligand toward alkene aziridination, 5 the lone example of a reaction that is analogous to alkene epoxidation by oxo complexes. On the other hand, the reactivity of certain nitrido complexes toward unsaturated hydrocarbons finds no analogue in either oxo or imido chemistry. Pertinent examples include cis-[(terpy)Os(N) Cl 2 ] + , which can insert the nitrido ligand into the CC bond of stilbenes and dienes to form azallenium products, 6 and TpOs(N)Cl 2 , which undergoes [4 + 1] reactions with 1,3-cyclohexadienes to yield azabicylic complexes. 7 We previously reported the synthesis and characterization of the iron(IV) nitride complex, PhB(MesIm) 3 FeN, 1, Scheme 1. 8 In contrast to many other high-valent iron nitrides, 9 this complex can be isolated, allowing for comprehensive investigations into its reactivity. 10 Initial studies have revealed that the complex is active in two-electron nitrogen-atom transfer reactions with triarylphosphines to provide the corresponding phosphoraniminato complexes PhB-(MesIm) 3 In this article, we report reactions of 1 with cyclic dienes, specifically 1,3-cyclohexadiene and 1,4-cyclohexadiene. Surprisingly, with both substrates the same iron pyrrolide product is observed, although only for the reaction with 1,3-cyclohexadiene is formation of this product quantitative. Mechanistic schemes, supported by electronic structure calculations, that account for these observations are presented.
■ EXPERIMENTAL SECTION
All manipulations were performed under a nitrogen atmosphere by standard Schlenk techniques or in an MBraun Labmaster glovebox. Glassware was dried at 150°C overnight. Diethyl ether, n-pentane, tetrahydrofuran, and toluene were purified by the Glass Contour solvent purification system. Deuterated benzene was first dried with CaH 2 and then over Na/benzophenone and then vacuum transferred into a storage container. Before use, an aliquot of each solvent was tested with a drop of sodium benzophenone ketyl in THF solution. All reagents were purchased from commercial vendors and used as received. Deuterated 1, -C 4 H 4 N) 2. Complex 1 (0.1 mmol, 72 mg), 1,3-cyclohexadiene (0.12 mmol, 10 mg), toluene (3 mL), and a magnetic stir bar were added to a bomb flask. The flask was sealed and heated with stirring at 70°C in an oil bath. Volatiles were removed under reduced pressure, and the residue was extracted with npentane and filtered through Celite. The filtrate was dried in vacuo to yield an orange solid (65 mg, 85%). Crystals suitable for X-ray diffraction were grown from a concentrated n-pentane solution at −30°C O: C, 70.51; H, 6.43; N, 12.51. Found: C, 70.58; H, 6.35; N, 12.41 .
Kinetic Measurements. Kinetic measurements were carried out using UV−vis spectroscopy. All kinetic runs were made under pseudofirst-order conditions. A 0.5 mM solution of 1 (5 × 10 −4 μmol) in 1 mL of benzene was placed in a 3 cm UV−vis cuvette at 20°C, followed by injection of 100 equiv of 1,3-cyclohexadiene or 1,4-cyclohexadiene. The progress of the reactions was monitored by following the decrease in absorbance of 1 at 445 nm. All measurements were done in triplicate.
Detection of Organic Products. Reaction progress was monitored by 1 H NMR spectroscopy at 70°C, and the organic products were determined by GC-MS. A 20 mg (28 μmol) amount of 1 in 0.6 mL of C 6 D 6 was added to a J. Young NMR tube. After injecting 1 equiv of 1,3-cyclohexadiene or 1,4-cyclohexadiene, reactions were monitored by 1 H NMR spectroscopy. When 1 was completely consumed, the reaction mixture was passed through a short aluminum oxide column and eluted with THF. An aliquot of the solution was analyzed by GC-MS to identify the organic products.
X-ray Crystallography. An orange rod-like specimen of C 50 H 58 BFeN 7 O, approximate dimensions 0.143 mm × 0.330 mm × 0.460 mm, was used for X-ray crystallographic analysis. X-ray intensity data were measured on a Bruker Kappa APEX II CCD system equipped with a graphite monochromator and a Mo Kα fine-focus tube (λ = 0.71073 Å).
The total exposure time was 10.00 h. Frames were integrated with the Bruker SAINT software package using a narrow-frame algorithm. Integration of the data using a triclinic unit cell yielded a total of 21 981 reflections to a maximum θ angle of 25.47°(0.83 Å resolution), of which 9471 were independent (average redundancy 2.321, completeness = 98.7%, R sig = 11.24%) and 5414 (57.16%) were greater than 2σ(F 2 ). Final cell constants of a = 12.0382(17) Å, b = 12.4997(17) Å, c = 17.915(3) Å, α = 83.989(10)°, β = 74.650(10)°, γ = 85.987(9)°, and volume = 2582.8(7) Å 3 are based upon refinement of the XYZ centroids of 4694 reflections above 20 σ(I) with 4.717°< 2θ < 49.99°. Data were corrected for absorption effects using the multiscan method (SADABS). The ratio of minimum to maximum apparent transmission was 0.830. The calculated minimum and maximum transmission coefficients (based on crystal size) are 0.8630 and 0.9540.
The structure was solved and refined using the Bruker SHELXTL Software Package using the space group P-1, with Z = 2 for the formula unit, C 50 H 58 BFeN 7 O. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms were placed in geometrically calculated positions with U iso = 1.2U equiv of the parent atom (U iso = 1.5U equiv for methyl groups). In addition to one well-behaved solvent molecule, there was also some disordered solvent that was accounted for using SQUEEZE (49 e − per 461 Å 3 void). Final anisotropic fullmatrix least-squares refinement on F 2 with 552 variables converged at R1 = 6.34% for the observed data and wR2 = 17.28% for all data. The goodness-of-fit was 0.975. The largest peak in the final difference electron density synthesis was 0.380 e 6-31+G* basis set. Electronic energies and molecular frequencies were computed for the fully optimized structures in the gas phase. Gibbs free energies for different compounds in the gas phase were computed by including the entropic contribution, which contains vibration (within a harmonic approximation, using the calculated vibrational frequencies), rotation (within a rigid rotor approximation), and translation. This is part of the standard output of Gaussian 09 after a frequency analysis. In the cases where the spin states of the iron complexes are not known, geometry optimizations and free energy calculations were performed for several of the most possible spin states. For each species the spin state with the lowest gas-phase free energy was chosen. Data for all spin states of all species are provided in the Supporting Information. Unrestricted DFT was used to investigate the iron complexes with nonzero spin. Spin contaminations were estimated from deviations of the computed ⟨S 2 ⟩ = S(S + 1) with respect to the corresponding theoretical values and found to be small for all cases in our study.
The total free energies of different intermediates in the THF solution were calculated using the polarizable continuum model (PCM) implemented in Gaussian 09. Bond atomic radii were used to model explicit hydrogen atoms. PCM calculations were carried out for optimized geometries in the gas phase. Geometry optimizations were also performed in the PCM solution. The differences in energies were found to be negligible compared with those performed with the gasphase-optimized structures. Solvation free energy for a particular complex was computed by subtracting the gas-phase DFT energy from the corresponding PCM energy. This term is then added to the free energy for the gas-phase calculation to obtain the total free energy of this species in the corresponding solution
Due to the prohibitive computational cost of frequency calculations using the 6-31+G* basis set, the gas-phase free energy for each compound was obtained via a frequency calculation for the optimized structure using the 6-31G* basis set. It is expected that addition of the diffuse functions will mostly change the electronic energies of the anions but have a minimal effect on the gas-phase free energies and/or energies for neutral species. This is confirmed through our test calculations.
■ RESULTS AND DISCUSSION
The iron(IV) nitrido complex 1 reacts cleanly with stoichiometric 1,3-cyclohexadiene at 70°C to afford the pyrrolide complex PhB(MesIm) 3 Fe(η 5 -C 4 H 4 N) 2 in high yield (Scheme 2). Complex 2 has been characterized by single-crystal X-ray diffraction (Figure 1 ). The molecular structure reveals a coordinatively saturated metal center that is bound to a κ Formation of ethylene (δ = 5.25 ppm) is observed when reaction of 1 and 1,3-cyclohexadiene is monitored by 1 H NMR spectroscopy. Conversion of 1 to 2 is found to be quantitative with no observation of reaction intermediates. An isosbestic point is observed at 418 nm when the reaction between 1 and 1,3-cyclohexadiene is monitored by UV−vis spectroscopy under pseudo-first-order conditions. 16 Pseudo-first-order rate constants are proportional to [1, , corresponding to the rate law, rate = k 2 [1] 
). Building on previous mechanistic proposals, 7 we propose that formation of 2 occurs by the mechanism shown in Scheme 3. A rate-determining [4 + 1] reaction between complex 1 and 1,3-cyclohexadiene provides azabicyclic intermediate 3, analogously to the reaction of TpOs(N)Cl 2 with 1,3-cyclohexadienes. 7 In contrast to this earlier work, where the azabicyclic complex is the final product, we propose a second step in which 3 undergoes a retro Diels−Alder reaction to yield the pyrrolide complex 2 along with an equivalent of ethylene. This step likely does not occur in the reaction of TpOs(N)Cl 2 since the azabicylic complex is already coordinatively and electronically saturated.
Surprisingly, similar reaction of 1 with 1,4-cyclohexadiene also produces 2, although in substantially lower yield (ca. 30%). While no other iron-containing products could be identified, 1 H NMR spectroscopy and GC/MS reveal formation of benzene, 1,3-cyclohexadiene, and ethylene (Scheme 4). Importantly, there is no 1,3-cyclohexadiene impurity in the 1,4-cyclohexadiene substrate. In addition, formation of a 16 While the kinetic data was not of sufficient quality to allow for reliable determination of rate constants, reaction with 1,4-cyclohexadiene is qualitatively slower than with 1,3-cyclohexadiene. Additionally, the reaction with deuterated 1,4-cyclohexadiene is qualitatively slower than with the nondeuterated substrate.
Formation of benzene suggests that the reaction involves hydrogen-atom abstraction from 1,4-cyclohexadiene; however, formation of 1,3-cyclohexadiene is not so obvious. Low-valent complexes and very basic late metal amido complexes have been reported to catalyze cyclohexadiene isomerization through mechanisms involving metal hydrides 17 and proton transfer, 18 respectively; however, it is not clear that similar mechanisms are relevant in the case of 1. We are unaware of similar isomerization reactions for other metal−ligand multiple bonds. To obtain insight into the mechanism, we used electronic structure theory, in the form of density function theory (DFT), to calculate the thermodynamics of possible reactions between these 1 and 1,4-cyclohexadiene. Specifically, a square scheme for proton, electron, and hydrogen-atom transfer from 1,4-cyclohexadiene to 1 in THF solvent (Figure 3 ) reveals that neither proton nor electron transfer to 1 from 1,4-cyclohexadiene is thermodynamically favorable (ΔG > 38 kcal/mol for both pathways). On the other hand, hydrogen-atom transfer to provide the iron(III) imido PhB(MesIm) 3 FeNH, 4, and the cyclohexadienyl radical is slightly uphill thermodynamically. Therefore, we suggest that the first step of the reaction involves hydrogen-atom transfer from 1,4-cyclohexadiene to 1, providing the cyclohexadienyl radical. Hydrogen-atom transfer back to the cyclohexadienyl radical from 4 will regenerate 1 and produce either 1,4-cyclohexadiene or its isomer, 1,3-cyclohexadiene. To evaluate the likelihood of the latter event, we also calculated the thermodynamics for hydrogen-atom transfer from 4 to yield 1,3-cyclohexadiene, finding the reaction to be energetically favorable (ΔG = −3.2 kcal/mol in THF).
We also computationally evaluated the possibility of C−N bond formation between 4 and the cyclohexadienyl radical, yielding the iron(II) rebound product PhB(MesIm) 3 Fe− N(H)(C 6 H 7 ) (S = 2). Similar rebound reactions have been observed for pyridine-activated [(salchda)RuN] + . 19 These calculations reveal that formation of the rebound product is thermodynamically favorable (ΔG = −22.4 kcal/mol in THF). Furthermore, abstraction of an additional hydrogen atom to provide the iron(II) amido complex PhB(MesIm) 3 Fe−NH 2 and benzene is also calculated to be thermodynamically favorable ((ΔG = −66.0 kcal/mol in THF). We note that attempts to independently prepare PhB(MesIm) 3 Fe−NH 2 have been unsuccessful.
In light of the much greater driving force for either formation of the rebound product or additional hydrogen-atom transfer, it is surprising that formation of 2 is observed. It is likely that there are kinetic barriers to these other reactions that have their origin in the electronic structure of the imido complex 4. In support of this hypothesis, analysis of the frontier orbitals reveals that the SOMO is predominantly iron centered, with little contribution from the imido nitrogen. 16 In addition, almost all of the spin density (84%) is located on iron, with only 6% on the imido nitrogen. Thus, despite the favorable thermodynamics, the electronic structure of the imido intermediate 4 slows both the rebound and the hydrogenatom transfer reactions.
The experimental and theoretical results lead us to propose a mechanism for reaction of 1 with 1,4-cyclohexadiene (Scheme 5). The first step of the reaction involves hydrogen-atom transfer from 1,4-cyclohexadiene to 1, yielding the iron(III) imido complex 4 and the cyclohexadienyl radical. Hydrogenatom transfer back to the radical generates 1,3-cyclohexadiene, leading to formation of 2 and ethylene, as described above. In the absence of other iron-mediated pathways, benzene is formed by self-reaction of the cyclohexadienyl radical. 20 It is likely that the imido complex 4 decomposes to a number of species that account for the remaining 70% of iron. While this scheme does not fully describe the entire reaction landscape, it does provide a plausible explanation for formation of the identifiable products of this reaction, in particular, the unanticipated formation of 2.
In summary, we find that reactions of the nitrido complex 1 with both 1,3-and 1,4-cyclohexadiene provide the pyrrolide complex 2, albeit in very different yields. In the case of 1,3-cyclohexadiene, we propose the reaction mechanism involves a sequence of two concerted reactions: a [4 + 1] cycloaddition followed by a retro Diels−Alder reaction. In the case of 1,4-cyclohexadiene, we propose that isomerization of the substrate through a cyclohexadienyl radical intermediate yields 1,3-cyclohexadiene, which then reacts with additional 1 to provide 2. To the best of our knowledge, this radical mechanism is a new pathway for 1,4-cyclohexadiene isomerization.
